intrinsic GTPase activity of G␣ z is extremely low. For Strathman and Simon, 1991). Receptor activation proinstance, the hydrolysis rate for G␣ z is as much as 200-motes the exchange of GDP bound to the G␣ subunit fold slower than those determined for G␣ s and G␣ i at for GTP followed by dissociation of the G␣-GTP and 
intrinsic GTPase activity of G␣ z is extremely low. For Strathman and Simon, 1991). Receptor activation proinstance, the hydrolysis rate for G␣ z is as much as 200-motes the exchange of GDP bound to the G␣ subunit fold slower than those determined for G␣ s and G␣ i at for GTP followed by dissociation of the G␣-GTP and 30ЊC (see Casey et al., 1990) . Recently, protein kinase G␤␥ complex. Both entities are capable of interacting C has shown to greatly reduce the affinity of G␣ z for with a variety of effectors such as enzymes and ion G␤␥ subunits by selective phosphorylation (Loundsbury channels (for review, see Birnbaumer, 1990; Wickman et al., 1993; Fields and Casey, 1995; Kozasa and Gilman, and Clapham, 1995). The hydrolysis of GTP to GDP by 1996) . This finding suggests a potential mechanism for the intrinsic GTPase of G␣ subunit terminates the signalthe regulation of G␣ z -mediated signaling pathways, aling as the resultant GDP-G␣ associates with free G␤␥ though the concept remains to be validated in a physioto reform the heterotrimer. logical system. Several approaches have been used to address the Studies utilizing heterologous expression systems specificity of the interaction between receptor and G have demonstrated that G␣ z is capable of coupling a proteins with a special focus on ion channels. G␣ o ␤␥ number of G i -coupled receptors to adenylyl cyclase and G␣ i and Casey, 1997). However, the functional relevance current was robust (52% Ϯ 6%, n ϭ 8) and appeared to be mediated via a voltage-dependent pathway based of G␣ z -mediated AC inhibition is unclear in regard to neuromodulation.
on the significant slowing of activation kinetics and increased prepulse facilitation (from 1.11 Ϯ 0.05 to 1.96 Ϯ Here, we report that G␣ z is capable of functionally coupling different neurotransmitter receptors to N-type 0.22, n ϭ 8) ( Figures 1C, 1E , and 1F). In comparison to uninjected control neurons, the time course of current Ca 2ϩ channels when heterologously expressed in sympathetic neurons. In addition, we show that G␣ z rescues recovery following removal of agonist was relatively sluggish ( Figure 1C ; see also Figure 3 ). In addition, the the activation of GIRK channels in PTX-treated neurons.
onset of agonist action appeared retarded when compared with control neurons, although this was not quanResults tified. These observations were consistent with the involvement of G␣ subunit possessing a slow GDP-GTP Heterologously Expressed G␣ z Mediates the Calcium Current Inhibition by NE exchange rate and low GTPase activity in coupling the response. In PTX-treated neurons, the overexpressed via a Voltage-Dependent Pathway Previously, we investigated the effect of overexpressing G␣ z reconstituted the voltage-dependent inhibition produced by NE (51% Ϯ 3%, n ϭ 18) ( Figure 1D ). The various G␣ subunits on the ␣ 2 -adrenergic receptormediated inhibition of N-type Ca 2ϩ channels in SCG neukinetics of current inhibition and washout were similar to those seen in neurons overexpressing G␣ z without rons. In these neurons, NE produces a voltage-dependent inhibition of N-type Ca 2ϩ channels that is known PTX pretreatment. In addition, we tested whether a constitutively active to be mediated by G␤␥ subunits (Herlitze et al., 1996; Ikeda, 1996) . Overexpresssion of G␣ subunits is believed mutant (Q205L) of G␣ z could transduce the signal between receptor and effector. When expressed in PTXto produce an excess of GDP-G␣ that acts as a G␤␥ sink, thereby blocking the modulation produced by NE. treated SCG neurons, G␣ z -Q205L did not reconstitute current inhibition by NE ( Figure 1E ). Moreover, the G␣ zInterestingly, the inhibition of N-type Ca 2ϩ channels by NE was prevented by every G␣ subunit tested (including Q205L did not attenuate the current density (data not shown), consistent with the finding that free G␤␥ is the members of G s , G i , G q , and G 12 subfamilies) with the exception of G␣ z (Jeong and Ikeda, 1997 Figure 1C , G␣ z appears to replace G␣ o/i pulses (usually to ϩ10 mV from a holding potential of subunits in regard to ␣ 2 -adrenergic receptor coupling in Ϫ80 mV) separated by a large depolarizing conditioning the absense of PTX pretreatment. To verify this, we pulse to ϩ80 mV. In uninjected control neurons, bath tested whether G␣ z was capable of coupling ␣ 2 -adrenerapplication of 10 M NE inhibited the Ca 2ϩ current by gic receptors to Ca 2ϩ channels following the acute inac-58% Ϯ 2% (n ϭ 15) ( Figures 1A and 1E ). In the absence tivation of G␣ o/i subunits by NEM. We first confirmed of NE, the second test pulse following the depolarizing that NEM was specific for PTX-sensitive G␣ o/i proteins. conditioning pulse produced a current larger than that As a negative control, we employed VIP, a neurotransproduced by the first test pulse. This phenomenon, demitter previously shown to inhibit N-type Ca 2ϩ channels noted prepulse facilitation, is thought to arise from voltvia a cholera toxin (CTX)-sensitive pathway in SCG neuage-dependent relief of G protein-mediated tonic inhibirons (Zhu and Ikeda, 1994) . The Ca 2ϩ current was evoked tion (Ikeda, 1991; Kasai, 1991) . The NE-mediated current every 10 s by a 20 ms test pulse to ϩ10 mV from a modulation displayed two hallmarks of voltage-depenholding potential of Ϫ80 mV. Under these conditions, dent inhibition (e.g., Elmslie et al., 1990): (1) slowing of the inhibition of the Ca 2ϩ current was not significantly the activation kinetics and (2) greatly increased prepulse attenuated when neurons were repeatedly exposed to facilitation-from 1.33 Ϯ 0.03 to 2.48 Ϯ 0.08 (n ϭ 15) 10 M NE (60% Ϯ 3% for first application vs. 57% Ϯ (Figures 1A and 1F ). This voltage-dependent inhibition 3% for second application, n ϭ 11) (Figures 2A and 2C ). of Ca 2ϩ channels by NE has been established in SCG However, for the current inhibition by 10 M VIP, there neurons (Schofield, 1991; see also Hille, 1994) . In uninwas a small but significant desensitization after the first jected control neurons, overnight PTX pretreatment (500 application (49% Ϯ 2% for first application vs. 43% Ϯ ng/ml) almost completely blocked the current inhibition 3% for second application, n ϭ 6, p Ͻ 0.05 from a paired produced by NE (8% Ϯ 1%, n ϭ 15) (Figures 1B and Student's t test) ( Figure 2C ). After application of 50 M 1F), indicating the involvement of PTX-sensitive G o/i pro-NEM for 3 min, the inhibition of the Ca 2ϩ current by NE teins in the current inhibition (Hille, 1994) . In neurons overexpressing G␣ z , the NE-induced inhibition of Ca 2ϩ was significantly reduced to 21% Ϯ 3% from 59 Ϯ 3% ). Thus, we tested whether two different RGS proteins, RGS4 and G␣ z was heterologously expressed in SCG neurons, NEM failed to attenuate the current inhibition by NE RGS10, were able to accelerate the recovery from the current inhibition by NE when coexpressed with G␣ z in (52% Ϯ 4% for preNEM vs. 53% Ϯ 5% for postNEM, n ϭ 6) ( Figures 2B and 2D ). These data suggest that SCG neurons. Figure accelerated the current recovery following removal of n ϭ 7, p Ͻ 0.05). Taken together, the present data indicate that the prolonged signaling by G␣ z arises from an NE ( Figure 3A) . The half recovery time was calculated by curve fitting the relaxation phase following agonist extremely low intrinsic GTPase activity. removal ( Figure 3B ) and summarized in Figure 3C . On average, the half recovery times for control (G␣ z alone), G␣ z Discriminates among Receptors for Coupling to Ca 2؉ Channels G␣ z ϩRGS4, and G␣ z ϩRGS10 were 53 Ϯ 9 s (n ϭ 16), 22 Ϯ 5 s (n ϭ 7), and 11 Ϯ 3 s (n ϭ 7), respectively.
In heterologous expression systems, G␣ z has been shown to couple a number of G i -coupled receptors to AC (Wong However, we can not ascertain from these data whether RGS10 is more potent than RGS4 because the expreset al., 1992). Thus, we next determined which receptors could be coupled to Ca 2ϩ channels by G␣ z . In SCG neusion level of the proteins was not quantified. RGS4 and RGS10 had no significant effect on the half recovery rons, it is well established that N-type Ca 2ϩ channels are modulated by different transmitters mainly via a voltagetime for the current inhibition by NE in control neurons (i.e., in the absense of heterologously expressed G␣ z ) dependent and PTX-sensitive pathway (Hille, 1994) . Among transmitters utilizing this pathway, we selected ( Figure 3C ). In addition, RGS proteins appeared to increase the onset rate of the current inhibition by NE adenosine (Zhu and Ikeda, 1993 (Zhu and Ikeda, 1994) . Fig-1997 ). Interestingly, RGS10 significantly depressed the current inhibition by NE in control (from 56% Ϯ 3%, n ϭ ure 4A illustrates the effects of different agonists on the Ca 2ϩ current, which was evoked every 10 s by a 20 ms 11 to 42% Ϯ 3%, n ϭ 12, p Ͻ 0.05) and the G␣ z -expressing neurons (from 56% Ϯ 2%, n ϭ 16 to 40% Ϯ 7%, test pulse to ϩ10 mV from a holding potential of Ϫ80 respectively. In the case of PGE 2 , the current inhibition was significantly enhanced in comparison to control current by 40% Ϯ 3% (n ϭ 10), 46% Ϯ 2% (n ϭ 18), 50% Ϯ 3% (n ϭ 13), and 43% Ϯ 2% (n ϭ 11), respectively, value (46% Ϯ 2%, n ϭ 18, p Ͻ 0.05). As with the NE response, the onset and washout rates of the current in control neurons ( Figure 4D ). All current inhibitions were voltage dependent as judged by the slowing of inhibition produced by PGE 2 and somatostatin were slow, reflecting the unique biochemical properties of activation kinetics and the significant increase in prepulse facilitation (data not shown, see also Hille, 1994) . G␣ z . In contrast, the current inhibition produced by adenosine was not rescued by G␣ z . Expression of G␣ z When neurons were incubated overnight in PTX (500 ng/ml)-containing medium, the current inhibition prowas unable to reconstitute coupling of VIP receptors to Ca 2ϩ channels in CTX-treated neurons (n ϭ 5) ( Figure  duced by the activation of several G o/i -coupled receptors was nearly abolished ( Figure 4B) . Interestingly, the cur-4D, inset). Taken together, the present data suggest that G␣ z is capable of coupling different G o/i -coupled rent inhibition (15% Ϯ 1%, n ϭ 16) by PGE 2 was relatively prominent among agonists in PTX-treated neurons, receptors to Ca 2ϩ channels with some degree of specificity. which is consistent with the previous report in SCG neurons (Ikeda, 1992) . In contrast, the current inhibition by VIP was blocked by CTX (500 ng/ml) but not by PTX G␣ z Is Able to Mediate the Activation of GIRK Channels by NE in SCG Neurons ( Figure 4B ; see also the inset of Figure 4D ) as previously demonstrated (Zhu and Ikeda, 1994 Figure 4C , the heterologously can mediate the modulation of another effector, GIRK. of NE (data not shown). Figure 5D summarizes densities of GIRK currents activated by NE in neurons expressBecause GIRK is not natively expressed in SCG neurons, we heterologously expressed GIRK1/GIRK2 and GIRK1/ ing GIRK1/GIRK2 and GIRK1/GIRK4. On average, for GIRK1/GIRK2, current density was 27 Ϯ 3 pA/pF in con-GIRK4, which are likely the heteromultimeric forms of GIRK channels in neuronal and cardiac tissues, respectrol neurons (n ϭ 11) and 17 Ϯ 2 pA/pF (63% of control) in PTX-treated neurons expressing G␣ z (n ϭ 5). For tively (Krapivinsky et al., 1995; Liao et al., 1996). Figure 5A illustrates a representative GIRK current when GIRK1/4, current density was 60 Ϯ 7 pA/pF in control neurons (n ϭ 10) and 31 Ϯ 3 pA/pF (52% of control) in evoked every 10 s using a ramp between Ϫ140 mV and Ϫ40 mV for 0.2 s in the absence or presence of 10 M PTX-treated neurons expressing G␣ z (n ϭ 7). These data indicate that G␣ z is capable of coupling receptors to NE. Basal GIRK currents were negligible in the absence of agonist. In contrast, NE quickly activated a large inboth neuronal and cardiac types of GIRK channels when heterologously coexpressed in SCG neurons. ward current that desensitized during the agonist application. The current also rapidly returned to the basal level following agonist removal. The activation of GIRK was almost completely prevented by PTX (500 ng/ml) Discussion pretreatment, indicating the heterologously expressed channels coupled to G o/i ␣ proteins ( Figure 5B ). However, G␣ z Efficiently Substitutes G␣ o/i for Modulating Ca 2؉ Channels the activation of GIRK current was recovered when NE was applied in PTX-treated neurons coexpressing G␣ z Adrenergic receptor activation ordinarily activates PTXsensitive G o/i proteins, and, subsequently, the released ( Figure 5C ). Compared with those in control neurons, the activation and deactivation rates were much slower.
G␤␥s directly interact with N-type Ca 2ϩ channels to produce voltage-dependent inhibition (Waard et al., 1997; Interestingly, there was no desensitization of GIRK current during application of NE in PTX-treated neurons
Zamponi et al., 1997). When G␣ z was overexpressed in SCG neurons, the NE response was robust but became coexpressing G␣ z ( Figure 1C) . In some experiments, we observed that GIRK current was not significantly desen-PTX insensitive. In addition, the reversal of inhibition became very sluggish (Figure 1 ). These observations sitized by either the prolonged or repetitive application (Glick et al., 1996) . This biochemistructural elements specific to this subunit. The present cal property is unique in G␣ z among heterotrimeric G findings may promote exploring the physiological reguproteins examined to date. Thus, the depression of nulation and relevance of G␣ z and provide a good tool for cleotide exchange by lipids may selectively disturb the understanding specificity among receptors, G proteins, G␣ z -mediated signaling pathway. and effectors, specifically ion channels.
Physiological Relevance of G␣ z in Regulation Experimental Procedures of Ion Channels Preparation of Dissociated Superior Cervical
Several experiments using antibodies and antisense oli- 
